Abstract: Five new dioxomolybdenum(VI) complexes of the general formula [MoO 2 (Rdtc) 2 ], 1-5, where Rdtc -refer to piperidine (Pipdtc), 4-morpholine (Morphdtc), 4-thiomorpholine (Timdtc), piperazine (Pzdtc) or N-methylpiperazine (N-Mepzdtc) dithiocarbamates, respectively, have been prepared. The complexes were characterized by elemental analysis, conductometric measurements, electronic, IR and NMR spectroscopy. The complexes 1-5 contain a cis-MoO 2 group and have an octahedral geometry. Two dithiocarbamato ions join as bidentates with both the sulfur atoms to the molybdenum atom. The presence of different heteroatoms in the piperidinо moiety influences the ν(C N) and ν(C S) vibrations, which wavelengths decrease in the order: Pipdtc > N--Mepzdtc > Morphdtc > Pzdtc > Timdtc ligands. Based on their spectral data, the molecular structures of complexes 1-5 were optimized at the semi-empirical molecular-orbital level, and the geometries, as obtained from calculations, are described. The antimicrobial activities of the complexes were tested against nine different laboratory control strains of bacteria and two strains of the yeast Candida albicans. All the tested strains were sensitive. Complexes bearing heteroatom in position 4 of piperidine moiety were significantly more potent against the tested bacteria compared to the corresponding ligands.
INTRODUCTION
Molybdenum complexes with organic ligands are compounds of great theoretical and practical interest, especially valuable as model systems for biochemi-54 SOVILJ et al. cal processes. The presence of [Mo VI O 2 ] 2+ groups can serve as oxygen atom transfer agents and is of importance in the fully oxidized states of a number of redox enzymes, in which their active site consists of a cis-molybdenum dioxo moiety. 1, 2 In recent years, their antimicrobial potency has gained special attention against both human and plant pathogenic microorganisms. 3, 4 Moreover, dithiocarbamato (Rdtc -) ligands are known to form stable complexes with many transition metals. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Interest in dithiocarbamate complexes arises because of their versatile structures, depending on the manner of coordination, [15] [16] [17] [18] [19] and the type of their biological activity. [20] [21] [22] [23] [24] Additionally, these coordination compounds have intriguing properties, being good corrosion inhibitors in acidic media. [23] [24] [25] [26] [27] The aim of the present study was to synthesize dioxomolybdenum(VI) complexes with piperidine-(Pipdtc), 4-morpholine-(Morphdtc), 4-thiomorpholine-(Timdtc), piperazine-(Pzdtc) and N-methylpiperazine-(N-Mepzdtc) dithiocarbamato ligands. As a contribution to the problem of the coordination behavior of heteroalicyclic dithiocarbamates, their mode of coordination was determined and, particularly, the spectrochemical properties of these compounds are discussed. In order to obtain further insight of the electronic structure of the complexes, the effect of heteroatom variation in the piperidino moiety on the C-N, and the C-S bonds, as well as on the electronic structure of the complexes was examined. Molecular modeling is a powerful tool to add chemical and physical information to the information obtained by other techniques. [28] [29] [30] [31] [32] For these reasons, based on the available spectral data, the molecular structures of all the prepared complexes, 1-5, was optimized and a description of the structural parameters is given. Finally, the complexes were examined as potential antimicrobial agents. 2 (Rdtc) 2 
EXPERIMENTAL

Syntheses of the [MoO
] complexes 1-5
All the used chemicals were commercial products of analytical reagent grade. The starting acetylacetonato complex [MoO 2 (acac) 2 ] and the sodium salts of Rdtc -were prepared as described in the literature. 12, 33 To a methanolic solution (5 cm 3 ) of MoO 2 (acac) 2 (330 mg, 1.0 mmol) was added dropwise 2.0 mmol of the corresponding NaRdtc·2H 2 O ligand (i.e., 468 mg of Pipdtc; 452 mg of Morphdtc; 484 mg of Timdtc; 450 mg of Pzdtc or 478 mg of N-Mepzdtc) dissolved in water (5 cm 3 ), during 1 h under stirring and thermostating at 40 °C. The mixture was then continuously stirred under reflux for about 2 h. The filtrate was concentrated under vacuum to 10 cm 3 . Upon cooling the mixture for two days in a refrigerator, the crude products precipitated. After recrystallization from a 1-heptene/toluene mixture (1:1, v/v), light brown crystalline substances of the corresponding complexes were obtained.
Materials and methods
Elemental analyses (C, H, N) were performed by standard micro methods at the Department of Instrumental Analyses of the Institute of Chemistry, Technology and Metallurgy (ICTM), Belgrade. The molar conductivity of methanolic solutions (1.0×10 -3 mol dm -3 ) was DIOXOMOLYBDENUM(VI) COMPLEXES WITH HETEROCYCLIC S,S'-LIGANDS 55 measured at 20 °C using a Jenway-4009 conductometer. The electronic spectra of methanol solutions (1.0×10 -3 M) were recorded on a GBC UV/VIS 911 A spectrophotometer. The IR spectra in the 4000-400 cm -1 ranges were measured on a Perkin Elmer 31725x FTIR spectrophotometer, using KBr discs. The 1 H-and 13 C-NMR spectra were taken on a Varian Gemini 200 instrument at 200/50 MHz in DMSO-d 6 , at room temperature. All chemical shifts are reported in ppm downfield from tetramethylsilane (TMS), used as the internal standard.
Molecular modeling was realized by MOPAC2009, 34 a general-purpose semi-empirical molecular orbital package for the study of the solid state and molecular structures. The semiempirical molecular-orbital (MO) PM6 method 35 was used. Geometry optimizations (full optimization of bond angles and bond distances), without any input constraints, were performed by Eigenvector following optimization with a convergence limit of 0.001 kcal mol -1 Å -1 . Geometry optimization of the complexes 1-5 were realized in vacuum and by using implicit solvation in water (COSMO). 36 The IR spectra of the representative complex 1 was obtained from the initial structure assessed by the semi-empirical MO PM6 method additionally optimized on the DFT level (B3LYP) using the LanL2DZ basis set, without any constraint. The 1 H-and 13 C-NMR spectra were calculated by the Gauge-Independent Atomic Orbital (GIAO) method, 37 using single point calculation (B3LYP/LanL2DZ) and implicit solvation in dimethyl sulfoxide (PCM) 38 on the structure assessed by the semi-empirical MO PM6 method. All calculations on the DFT level were realized by the Gausian03 suit of programs. 39 Superimposition of the calculated structures for complexes 1 and 3 with the experimentally obtained crystal structures of similar ones taken from literature was realized by VegaZZ 2.4.0. 40 The complexes and their molecular orbitals were visualized by Jmol. 41 All computations were performed on AMD Athlon 64 x2 Dual Core Processors, in Windows or Linux environments.
Antimicrobial activity
The antimicrobial activities of the synthesized complexes were evaluated using nine laboratory control strains of bacteria, i.e., All tests were performed in Müller Hinton broth for the bacterial strains and in Sabouraud dextrose broth for the yeasts. Overnight broth cultures of each strain were prepared, and the final concentration in each well was adjusted to 2×10 6 CFU ml -1 for the bacteria and 2×10 5 CFU ml -1 for the yeasts. The investigated compounds were dissolved in 1 % dimethyl sulfoxide (DMSO) and then diluted to the highest concentration. Serial doubling dilutions of the compounds were prepared in a 96-well microtiter plate over the concentration range 31.25-1000 μg ml -1 . In the tests, triphenyl tetrazolium chloride (TTC) (Aldrich Chemical Company Inc., USA) was also added to the culture medium as a growth indicator. The final concentration of TTC after inoculation was 0.05 %. The microbial growth was determined from the absorbance at 600 nm, using a universal microplate reader after 24 h incubation at 37 °C for the bacteria and after 48 h incubation at 25 °C for the fungi. The MIC is defined as the lowest concentration of the compound at which no visible growth of microorganism is observed. All determinations were performed in duplicate and two positive growth controls were 56 SOVILJ et al.
included. 42 To resolve structure-activity trends, the MIC values of complexes 1-5, the corresponding ligands and [MoO 2 (acac) 2 ] used for comparison, originally determined in mass concentration (μg ml -1 ), were converted to molar concentrations (M).
RESULTS AND DISCUSSION
Syntheses and physico-chemical properties of the complexes
Complexes 1-5 were obtained by mixing the reactants in a 1:2 molar ratio, in a substitution reaction of the two acetylacetonato anions in the [MoO 2 (acac) 2 ] complex by Rdtc -ligands:
The obtained complexes were light brown microcrystalline substances, stable under atmospheric conditions and soluble in methanol, ethanol, 1-heptene, toluene and dimethyl sulfoxide and insoluble in water, chloroform, dichloromethane and benzene.
The analytical results confirmed the proposed composition: 
Spectroscopic properties
Electronic absorption spectra. The complexes are diamagnetic, as expected for the 4d 0 configuration. Since there are no d electrons, splitting from d-d transitions was not discernible. The absorptions appearing in the electronic spectra in the range of 280-400 nm arise from charge transfer and intraligand transitions, especially due to the NCS 2 chromophore, but the assignments of charge-transfer spectra are controversial. 44 IR Spectra. The pertinent IR data, i.e., ν(C-N), ν(C-S) vibrations of the free and coordinated Rdtc -ligands, ν(Mo-S) bands, as well as the MoO 2 2+ core vibrations of the complexes 1-5 are collected in Table I . Concerning the electronic and structural characteristics of the described compounds, there are several regions of considerable interest in the IR spectra. The 1390-1430 cm -1 region is associated primarily with the thioureide vibration and is attributed to the ν(C N) vibrations of the S 2 C NR 2 bond 12, 14 (Table I) . This indicates a significant increase in double bond character of the C N bond, resulting in higher frequencies compared with the free Rdtc -ligands. All the complexes exhibit ν(C N) bands in the 1470-1480 cm -1 range, which lie between ν(C=N) and ν(C-N), in the 1640-1690 and 1250-1350 cm -1 range, 9 respectively. The 950-1100 cm -1 region is associated with ν(CSS) vibrations and has been effectively used to differentiate between monodentate and bidentate Rdtcligands. 9, 14 In the IR spectra of the obtained complexes, the presence of only one strong band in this region supports a symmetrical bidentate coordination of the dithio ligands, while a doublet expected in the case of monodentate coordination 9 was absent. New absorption bands in the 420-440 cm -1 region, absent in the spectra of the free Rdtc -ligands, are in good agreement with the available literature data. 10, 14 The heteroatoms (N, O, S) in the piperidino moiety influence both the ν(C N) and ν(C S) values that increase in the order of the complexes with: Pipdtc > N-Mepzdtc > Morphdtc > Pzdtc > Timdtc ligands (Table I ). This band, however, demonstrates the partial double bond character of the C S bond on consideration of its position between ν(C=S) (1080-1200 cm -1 ) and the ν(C-S) bond (600-800 cm -1 ). This behavior can be attributed to the electron releasing ability of the heterocyclic atom that forces a high electron density towards the SCS group. 45, 46 The symmetric and antisymmetric stretching vibrations observed near 900 cm -1 can be attributed to a cis-[MoO 2 ] 2+ core. 47 Generally, the wave 58 SOVILJ et al.
numbers of ν sym (Mo=O) vibrations are higher than those of ν asym (Mo=O). 48, 49 Finally, the skeletal pyperidine bands are located at ca. 1610 cm -1 .
The recorded and calculated (see Experimental) IR spectra of complex 1 are shown in Fig. S1 in the Supplementary material. Fair agreement can be visually observed.
NMR spectra. Although molybdenum(VI) complexes were well characterized in the solid state, their characterization in solution is necessary in order to evaluate the stability of the obtained complexes under biologically relevant conditions. However, the poor solubility of the molybdenum(VI) complexes 1-5 and the related free ligands hampered NMR experiments in an aqueous environment; therefore, the spectra were recorded in DMSO-d 6 . The structure enumeration for the structure-spectra assignments are as given in Scheme 1. Scheme 1. Numbering of the non-hydrogen atoms that correspond to the labels in Table II. 
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The absence of S-H protons and a slight downfield shift of the protons in the NMR spectra of all complexes, with respect to the corresponding ligands, were observed. This indicates that the ligands are coordinated to molybdenum through sulfur atoms. 50 In the 1 H-NMR spectra (Table II) , signals of five protons, which belong to the Rdtc -ligand, were found for complex 1. The position and multiplicity of the proton signals for complexes 2-5 depend on the type of heteroatom in position four of the piperidinyl moiety. In the 13 C-NMR spectrum for complex 1, there are signals at 52.35, 22.13, 25.97 and 23.64 ppm that belong to the Rdtcligand (Table II) . Two signals for complexes 2, 3 and 4 originated from the symmetrical Rdtc -ligands. The last signal, C6, in the spectrum of complex 5 is ascribed to the methyl carbon N-Me of N-methylpiperidine. Only one signal that corresponds to the CS 2 moieties of Rdtc -was observed in the spectrum of each complex, indicating that the chemical environments of the CS 2 moieties of the two Rdtc -ligands bound to the cis-MoO 2 center are equivalent to each other. 51, 52 The experimentally obtained 1 H-and 13 C-NMR spectra for complex 1 and the Pipdtc ligand, and the calculated NMR spectra for complex 1 are given in the Supplementary material. Fair agreement between the calculated and experimentally obtained spectra can be seen (Figs. S2-S4 in the Supplementary material).
Molecular modeling
Data of the total energy and heat of formation for each system, as well as selected bond distances and angles of the calculated geometry for complexes 1-5, as accessed by the geometry optimization, are presented in Table III . The optimized structures of the complexes 1 and 3 are shown in Figs. 1a and 1b, The non-hydrogen atoms numbering in Table III correspond to the labels as given in Scheme 1. The complexes 1-5 represent a deformed octahedral structure around the metal atom with the two oxygen atoms in the cis-position. The S-Mo-S chelate angle of 69° is in agreement with X-ray crystal structures for this type of complexes. 51, 53 Length difference between Mo13-S18 (Mo13-S20) and Mo13-S19 (Mo13-S21) is a consequence of the trans influence of the oxo--group. 45 The two Rdtc -ligands are oriented in the cis-position toward each other coordinated to metal ion via their deprotonated dithiocarbamato (CS 2 -) groups, as presented in Figs. 1a and 1b for complexes 1 and 3 , respectively. The short N-C distance indicates a significant double bond character of these bonds.
In all the complexes, the heteroalicyclic parts of both ligands are in the chair conformation. The improper torsion angle in the heteroalicyclic part of the ligands, defined by the angle between the bonds C1-C2 and C5-C6 (C7-C8 and C11-C12) smaller than 1°, demonstrate an almost ideal chair conformation for the ligands in all the complexes. The planes of the cyclic part of the ligands, in the chair conformation, are oriented to each other at an angle of ca. 180°. The obtained results of molecular modeling demonstrate C2 symmetry for all the complexes. Degree of deformation from an ideal octahedral structure is represented by the bond and torsion angles in the coordination sphere (Table III) . The HOMO (highest occupied molecular orbital), HOMO-1 and HOMO-2 orbitals are located almost exclusively on the dioxo oxygen atoms and the dithiocarbamato sulfur atoms, as exemplified for complex 1 in Fig. 2 , indicating involve- ments of molybdenum d x 2 -y 2 and d z 2 orbitals in the coordination. All the complexes appear to be somewhat more stable (have a more negative heat of formation) in the implicit water model than in vacuum, probably due to favorable electrostatic interactions of the heteratoms (N, O, S), accessible to the solvent. Calculated structures of complexes 1 and 3 were superimposed on similar 53 or the same 51 experimentally obtained structures taken from the literature (Fig. S5 in the Supplementary material). For the superimposition, the coordination sphere (MoO 2 =S 2 C-) and the heteroalicyclic N connected to dithiocarbamato moiety were used. The very good agreement should be noted. The calculated structure of complex 1 and the literature dioxomolybdenum di-(dithiocarbamato-N-pyrrolo) complex (CSD code 153544) superimpose their coordination spheres with a rootmean square deviation of 0.147. The calculated structure of complex 3 and the same experimentally obtained structures taken from literature superimpose their coordination spheres with a root-mean square deviation of 0.113. It should be noted that the symmetrically oriented thiomorpholino part of the ligands for complex 3, as obtained by semi-empirical calculations, appears somewhat more stable both in solution and in vacuum than the asymmetrically oriented ones found in the crystal structure.
Suggested structure
The important features of the IR spectra provide a consistent picture that the Rdtc -ligands are bound through the both sulfur atoms to the molybdenum atom, as it can also be seen from the chemical environments of the CS 2 moieties in the NMR spectra. This bidentate S,S' structure is again the most favorable in comparison with a monodentate one. The geometry of the MoO 2 S 4 core is a distorted octahedron ( Fig. 1) with the two terminal oxo ligands lying invariably in a cis--position to each other, usual for dioxomolybdenum(VI) complexes, [51] [52] [53] while the two Rdtc -ligands complete the distorted octahedral coordination. Based on the above calculation (Table III) , the influence of the variation of the heteroatom in position 4 of the piperidine moiety on the coordination sphere can be straightforwardly elucidated.
Antimicrobial activity
The results of the obtained antimicrobial activities of [MoO 2 (acac) 2 ], the five Rdtc -ligands, complexes 1-5, standard antibiotics and nystatin are presented in Tables IV and V . Generally, the complexes were more potent than the corresponding ligands and [MoO 2 (acac) 2 ]. Obviously, the introduction of a heteroatom in position 4 of the piperidino moiety makes the complexes significantly more potent in respect to the corresponding ligands. A higher potency of the ligand compared to the complex was only observed in the data of complex 1, for some of the tested microbial strains (Table IV) . It should be noted that all the complexes were active against S. epidermidis, as well as against P. aeruginosa, which is one of the most resistant human pathogen.
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CONCLUSIONS
The present study demonstrates simple synthetic routes to five new dioxomolybdenum(VI) complexes with heterocyclic dithiocarbamates. The employed spectroscopic techniques suggest that the coordination in all [MoO 2 (Rdtc) 2 ] complexes yielded an octahedral geometry through both sulfur donating atoms, the NCSS group coordinating the metal center in a bidentate symmetrical mode. The geometries of 1-5, obtained on semi-empirical MO PM6 levels are in good agreement with similar complexes for which X-ray structure data can be found in the literature. The dioxomolybdenumdithiocarbamates were capable of inhibiting bacterial growth to a certain degree.
SUPPLEMENTARY MATERIAL
IR,
1 H-and 13 C-NMR spectra of synthesized compounds are available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
